This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

• BLACK BORDERS 

• TEXT CUT OFF AT TOP, BOTTOM OR SIDES 

• FADED TEXT 

• ILLEGIBLE TEXT 

• SKEWED/SLANTED IMAGES 

• COLORED PHOTOS 

• BLACK OR VERY BLACK AND WHITE DARK PHOTOS 

• GRAY SCALE DOCUMENTS 

IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



fHK> PAGE BLANK 



Biomaterials 17 (1996) 685-694 
© 1996 Elsevier Science Limited 
Printed in Great Britain. All rights reserved 
0142-9612/96/515.00 

Role of polymers in improving the 
results of stenting in coronary arteries 

Tao Peng*, Paul Gibula 1 , Kang-de Yao* and Mattheus F.A. Goosen 1 

'Department of Chemical Engineering and Applied Chemistry, University of Toronto, Toronto, Ontario. Canada 
M5S 1A4; t Department of Chemical Engineering, Queen's University, Kingston, Canada K7L 3N6; * Department of 
Materials Science and Engineering, Tianjin University, Tianjin, People's Republic of China 300072 

This article is a review of recent developments of polymer-related stents mainly employed in the 
coronary arteries, including polymer-coated stents, biostable stents and biodegradable stents. 
Polymer paving is covered as well. The problems with the stents currently investigated and the 
development of new stents are discussed. 
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Percutaneous transluminal coronary angioplasty 
(PTCA) has been , widely used for the treatment of 
coronary artery diseases 1 . Despite continued 
improvement in equipment and the technical aspects 
of this procedure, abrupt or chronic closure and 
restenosis remain major limitations of PTCA 2,3 . In 
order to improve PTCA, several methods are 
commonly applied such as prolonged inflation with 
perfusion balloons, use of larger diameter balloons, 
directional atherectomy, coronary artery bypass 
surgery or insertion of stents 4 . Pharmacological 
therapy has also been employed 5 . 

Coronary stents have been used as a mechanical 
means to overcome the major limitations of balloon 
angioplasty 8 . The principle for intracoronary stenting 
is based on the scaffolding effects of the device, 
allowing the intimal and medial flaps to be tacked up, 
thus providing a smooth vessel lumen contour 7 ' 8 . 

METALLIC STENTS AND RELATED PROBLEMS 

Since Sigwart et qL 9 reported the first implantation of a 
self-expandable, stainless steel stent in human coronary 
arteries, various intracoronary stents have been tested 
in an attempt to prevent occlusion and restenosis after 
angioplasty. Most of these stents are made of metals 
with a variety of designs which differ significantly in 
their geometry, composition and implant methods 10,11 . 
Table 1 lists the characteristics of some intracoronary 
metallic stents commonly used. 

Early experience with some of the metallic stents 
suggests that intracoronary stenting is effective in 
preventing or minimizing complications after 
angioplasty 4,12 " 15 , especially as emergency bail-out 
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devices for acute arterial occlusion 16 . The great 
majority of clinical trials have been done with the 
Palmaz stent. The primary success rate is above 90% 17 . 

Despite the high initial success rate, early and late 
complications such as thrombotic closure and 
restenosis have been reported with all current metallic 
stent devices 14,18,19 . Clinical experience with 
Wallstents shows a poor late result (occlusion or 
significant restenosis at 6 months) in 38-56% of 
patients 20 . Results from uncontrolled clinical studies 
with coronary stents made of stainless steel indicated 
that these devices were prone to occlusion due to 
(sub)acute thrombosis 9,20, . Recently, it was reported 
in both the Benestent study 22 and the stress restenosis 
study (STRESS) 23 that coronary stenting demonstrated 
efficiency in restenosis reduction; however, several 
caveats on the results reported from the Benestent and 
STRESS trials have been discussed which suggested 
some reduction in the benefit 24 . The experience with 
tantalum coronary stents after implantation in patients 
indicated no significant advantage of tantalum over 
stainless steel stents 25 . Furthermore, some stents are 
difficult to handle. For example, Nitinol stents tend to 
expand prematurely while in the guiding catheter 26 . It 
was reported that when metallic stents were 
overexpanded in porcine coronary vessels, a 
reproducible model of neointimal proliferation that is 
morphologically identical to human restenosis is 
observed . 

Theoretically, there are some concerns about metallic 
stents. It is known that net electrical charge or potential 
of the surface is a critical factor determining the 
biological response of a metal in contact with blood 28 . 
The surfaces of most metals are electropositively 
charged and therefore are thrombogenic because blood 
elements are negatively charged 2 . Tantalum stents 
have a negative net surface potential after complete 
surface cleaning but turn electropositive after several 
hours of exposure to air or electrolytic solutions 30 . 
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Table 1 Properties of some intracoronary metallic stents 






(ipnmptru 


Working mechanism 


Gianturco-Roubin 

Palmaz-Schatz 

Strecker 

Wiktor 

Nitinol 

Waltstent 

2 stent 


Stainless steel 
Stainless steel 
Tantalum 
Tantalum 
Titanium-nickel 
Stainless steel 
Stainless steel 


Resembling the binding of a spiral notebook 

Tube bearing staggered rows of rectangular slots 

Tubular mesh 

Helical pattern 

Coiled tube 

Wire mesh 

Cylinder shape 


Balloon-expanding 

Balloon-expanding 

Balloon-expanding 

Balloon-expanding 

Self-expanding 

Self-expanding 

Self-expanding 



Another surface property that affects metal reactivity 
with blood is free surface energy which is related to 
critical surface tension. Most metals have a high 
critical surface tension resulting in high thrombo- 
genicity 30 In addition, as a metal stent remains in the 
body indefinitely, it may interfere with future clinical 
procedures 31 . Moreover, the stent becomes a 
permanent foreign body with potentially important 
interactions due to the type of metal, electrostatic 
charges and possible physical irritation from 
individual filaments leading to long-term effects 18 . The 
mismatch in mechanical behaviour between the stent 
and vessel wall can result in excessive intimal 
proliferation and a high risk of thrombosis 17,30 . 
Continuous barotrauma and localized areas of necrosis 
may be induced by the long-term expandable forces 
generated by the stent attempting to return it to its 
unconstrained size. Individual allergy is also a concern 
to those who are hypersensitive to the metals that 
make up the device 18 . Permanent implantation could 
also generate problems due to mechanical stability and 
corrosion, eventually resulting in the perforation of the 
- vessel wall 32 . 



complications. Theoretically, these devices may be 
superior to permanent stents when it is temporarily 
needed to split the coronary artery after significant 
dissections or haemodynamically important elastic 
recoil. However, the complexity of these stents and the 
added trauma involved in the retrieval process may 
offset their advantages. 

On the other hand, attention has been drawn to stents 
made of new materials such as polymers, either 
biostable or biodegradable, which would offer some 
advantages over metallic stents, but could also act as a 
carrier for controlled release of drugs to mitigate the 
tissue response to the foreign material 38 . In addition, 
the development of new pharmacological interventions 
may prevent thrombosis without the need for 
aggressive anticoagulation after stenting 39,40 . Research 
on the basic biology and materials science of stents 
should lead to further advances as well. 

This paper will provide a review on polymeric 
stenting to show the role of polymers in the 
development of intracoronary stenting. Polymer-coated 
stents, biostable polymer stents and biodegradable 
stents will be covered in the discussion. 



CURRENT STATE OF DEVELOPMENT OF 
NOVEL STENTS 

The problems with metallic stents have encouraged 
significant efforts to develop new stents to produce a 
non-thrombogenic stent site and obviate the problems 
of restenosis and neointimal hyperplasia. The 
developments of the new designs are related to their 
composition and fundamental geometry (tube, mesh or 
single wire). In addition, various subtle changes such 
as thickness of filaments, alloy composition ratio, 
surface roughness and biocompatible or therapeutic 
coatings have been investigated as well. For example, 
research has been done to coat the metal surface of the 
stent with genetically engineered endothelial cells to 
decrease the thrombogenicity of the stent 33 . Polymer 
coatings were also employed to render the stent 
surface less thrombogenic 34 . The design of the surface 
geometry of the stents may affect the stenosis rate in 
the stented arterial segments. It was reported that a 
coiled stent made of titanium-nickel wire with gaps 
between the individual coils showed significantly 
lower stenosis rate than those without gaps 26 . 

Another effort is the development of the temporary 
metallic stent 35 " 37 . The goal of temporary stenting is to 
mitigate acute occlusion by allowing flow through the 
lumen and then removing the stent to avoid long-term 



POLYMER-COATED STENTS 

Some efforts have been made to coat metallic stents 
with polymers using different methods to diminish 
their thrombogenic properties. A Nylon® mesh, 
Gianturco self-expanding metallic stent was developed 
by Yoshioka et o/ 41 . for an arterial endovascular graft. 
The Gianturo stent was covered with an expandable 
Nylon mesh. The resultant device was delivered via 
transcatheter techniques forming a cylinder that 
created a tight fit between the stent and the vessel wall 
after implantation. The Nylon acted as a support for 
neointimal encasement which formed a new vascular 
lumen. Furthermore, since the weave of the Nylon 
material used was relatively loose, blood was able to 
flow through the mesh into the side branches bridged 
by the material. One disadvantage of the device was 
that it required a 12-French catheter for introduction 
due to the stent construction and the elasticity and 
thickness of the Nylon material. This would cause 
difficulty on deployment of the stent in coronary 
arteries because of its small calibre. Roeren et al* . 
reported a Palmax-silicone stent which is coated with 
a medical-grade silicone polymer. The coated stents 
were percutaneously placed into the aorta of rabbits 
and monitored by angiography. It was shown that all 
implanted silicone-coated stents were biocompatible. 
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No inflammatory, foreign-body or fibrotic reactions 
were observed. Intimal hyperplasia, lending to 
occlusion, was still a potential problem. 

As a widely used cardiovascular biomaterial, 
polyurethane was considered for coating metallic 
stents. De Scheerder et a/. 43 studied amphiphilic 
polyurethane-coated, stainless steel, slotted tube, 
balloon expandable stents implanted in porcine 
coronary arteries compared with non -coated stents. It 
was shown that the polyurethane coating decreased 
acute thrombotic occlusion in the porcine coronary 
model. 

Drug-eluting polymer coating was reported by Sheth 
et a/. 44 . Bare metal Nitinol stents coated by 
polyurethane—polyethylene oxide copolymer with 
covalently bound heparin were developed aiid 
investigated in the carotid arteries in a comparison 
with uncoated stents. The results with all stents 
revealed a high frequency of occlusive and subacute 
thrombdsis in the rabbit carotid model after 
implantation for 96 h. However, the coated stents 
accumulated less thrombus and tended to have better 
patency in a rabbit model of subacute thrombosis. 

Schwartz and co-workers nH,4S developed a tantalum ■ 
stent coated with a natural polymer, fibrin. Fibrin was 
selected as a candidate, since it is a native polymer 
which deposits naturally at sites of vessel injury, is 
readily available and bioabsorbable, and can be 
synthesized with excellent elastomeric mechanical 
properties. The stents coated with fibrin film would 
apply a controlled layer of preformed thrombus at the 
site of damaged vessel to 'fool' the body's own 
response to this event and thereby limit its reparative 
or thrombotic reaction 46 . 

By dripping fibrinogen solution and thrombin 
solution directly onto a Wiktor stent, a fibrin layer 
formed on the stent. Subsequent polymerization of the 
fibrin leads to a fibrin mass completely encasing the 
stent (Figure 1}. The stents covered by fibrin film w r ere 
assessed in a porcine coronary model in contrast with 
polyurethane-coated stents. It was shown that vessel 
occlusion and a foreign-body inflammatory response 
with multinucleated giant cells were observed with 
polyurethane-coated stents. However, fibrin-coated 
stents seemed promising for modification of the local 




Figure 1 Fibrin-coated tantalum metal wire stent. Fibrin 
sleeve configured as a thin, balloon-expandable cylinder 38 . 
(Reproduced with permission of the Publisher.) 



response to arterial injury and reduced restenosis 
. rates. Variations in ionic strength, pH, fibrinogen and 
thrombin concentrations affected the final fibrinogen 
roughness. In addition to coating stents, the fibrin 
matrix may be used to incorporate microcapsules for 
local drug-controlled release. There were several 
problems with die stent that need to be addressed, 
including donor infection, specific formulation, 
immunological response and optimal delivery method. 

A drug-eluting biodegradable polymeric coating has 
also been reported 47 . A tantalum wire coil stent coated 
with a 20-25 ;im layer of dexamethasone suspended 
within a binder of a biodegradable polymer, poly-L- 
lactic acid (M vv = 321 000), was evaluated in the 
porcine coronary injury model. It was demonstrated 
that the tissue responses to coated and uncoated stents 
are identical. The polymer did not evoke an 
inflammatory reaction. Dexamethasone did not exhibit 
limitation of neointimal proliferation but the coated 
drug-eluting stent proved to be an effective and well- 
tolerated means of intravascular sustained drug 
delivery. 

Incorporation of drugs into polymer coating (i.e. 
drug-eluting polymer coatings) may be useful to 
improve polymer-coated stents. However, the thin 
polymer coating may only be able to carry a limited 
amount of drug thus making it difficult to maintain 
high local drug concentration ,for an extended period 
of time. The efficiency of this local drug delivery will 
also be affected by permeability of drugs into the 
vessel wall. The kinetics, distribution and bioactivity 
of forskolin, an antiplatelet and vasodilator drug, 
released from a polyurethane-coated removable 
metallic stent was assessed 48 . It was concluded that 
the polymer-coated stent can deliver forskolin to the 
arterial wall in high concentration relative to the blood 
or other tissues. Local tissue and blood kinetics can be 
modelled as a simple diffusion process. Tissue 
forskolin levels are proportional to the drug remaining 
on the stent and are dependent on maintaining stent- 
to-tissue drug gradients. The delivered drug is 
biologically active possessing vasodilating and 
antiplatelet function. 



POLYMER STENTS 

In addition to polymer-coated metallic stents, stents 
completely made of polymeric materials are being 
tested as an alternative to metal stents. In fact, 
polymers have been widely used in cardiovascular 
devices as listed in Table 2. 

Although it is predicted that polymer stents are 
potentially useful* 31 ' 48 ' 50 ' 84 ' 88 . the study of 
intracoronary polymer stents has not gained very 
widespread popularity. This review introduces 
polymer stents to show iheir current status. 

There are several reasons to fabricate a stent 
composed of a polymer. First, significant progress has 
been achieved in increasing the level of blood 
compatibility of polymers. Second, by selecting 
suitable monomer units, polymerization procedures 
and processing techniques, the properties (e.g. surface 
characteristics and mechanical strength) of the stents 
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Polymers 



Epoxy resin, 

polysuiphone, 

polycarbonate 

Polyethylene 

Polyethylene 
terephthalate 
(Dacron") 

Polytetrafluoroethylene 
{Teflon") 

Polysiloxane. 
polypropylene 

Polyurethane 



Silicone rubbers 



Polycaproiactone or 

poly(caprolactone-co-l- 

actide) 



Applications 


Ref 


Heart valves, ventricle 


49 


housing materials 




Vascular grafts. PTCA* 


50 


balloons, vascular catheter 


Arterial grafts 


49 


Arterial grafts, blood gas 


49 


exchange device 




Blood gas exchange device 


49 


Angioplasty, catheters, 


51 


pacemaker interfaces and 


leads, vascular grafts 




Blood pump, cardiac 


52 


pacemaker leads, heart 


valve poppets 




Vascular prostheses 


53 



' PTCA percutaneous transluminal coronary angioplasty. 

can be controlled in an attempt to get smooth synthetic 
polymer surfaces. This would significantly reduce the 
activation of blood coagulation 5 ". It would also result 
m a better fit of the stent against the arterial wall 
which would decrease subsequent neointimal 
hyperplasia caused by acute and chronic vessel 
injury Third, polymer stents can incorporate or bind 
drugs for later local controlled delivery at the target 
site that would inhibit thrombus formation and 
neointimal proliferation 50 It has been estimated that a 
polymer stent can deliver a drug dose to the target site 
in the coronary artery that is 10 times higher than 
systemic administration 46 . Local administration of 
various drugs including urokinase 5 *, heparin 5 "* 0 
tool ' . hirudin 02 and peptide 63 are being investigated 
to prevent thrombosis and restenosis. 

Polymer stents composed of plastic materials like 
Dacron and Teflon" have been implanted 
successfully in biliary and urinary tracts 14 ' 64 . Straight 
polyethylene stents were also tested for treatment of 
distal malignant biliary obstruction 65 . Tenon stents 
have also been used for lymphovenous 
anastomosis . On the other hand, bioresorbable 
urethral and' ureteral stents based on biodegradable 
polymers such as polyMactide) and its copolymers 
were also attractive due to their good 
□incompatibilities and biodegradabilities 67 H6 . 

With this information in mind, it is possible to 
consider a polymer stent which can overcome 
drawbacks of presently available stents. Several issues 
are important, including performance requirements, 
device design, material selection, blood and tissue 
compatibility, and in vivo performance, which have 
been discussed by Zdrahala 32 . Material composition ' 
and stent design may be the most important ones. 
There has been much discussion concerning the 
material and design of stents 69 . The material of the 
stent strongly affects the mechanical properties and 

Biomaterials 1996. Vol. 17 No. 7 



the propensity to thrombosis and to 
endothelialization 1719 . Stents, with appropriate 
flexibility would improve the ability to deliver them in 
tortuous arteries and reduce the risk of damage to the 
arterial wall . Improvements in stent design may also 
contribute to a reduction in thrombotic events 54 . In 
addition, because of relatively weak strength, greater 
bulk may be needed for polymer stents than metallic 
stents. Single coil polymer stents may not provide 
enough support against the vessel wall. 

According to the stability of the material under 
physiological conditions, polymer stents can be further 
dtvided into biostable polymer stents and 
biodegradable stents. 

Biostable polymer stents 

The principle of this stent design is to maintain luminal 
integrity of the coronary vessel, in a similar manner to 
that achieved with current metallic stents, and remain : 
biologically permanent following coverage with ; 
endothelium. 

A flexible, self-expanding polyethylene terephthalate I 
(PET) stent and a delivery system for implantation in t 
porcine coronary arteries were developed and tested 
by Murphy and co-workers 55 ' 71 72 . The polymer stent 
was deployed in the coronary arteries of 11 Yucatan 
swine by withdrawal of an outer polyethylene delivery 
sheath, thus allowing the PET stent to self-expand to a 
preformed configuration (Figure 2). The study showed 
that percutaneous deployment of polymeric stents in 
the coronary arteries was technically feasible and PET 
possesses the necessary mechanical" properties for use 
as a stent. However, the PET stent led to an intense 
inflammatory and neointimal proliferative response 
that resulted in vessel occlusion. Histological 
examination of the stented site indicated no evidence 
that the dissection of the vessel wall had occurred at 
the time of initial stent deployment. The research may 
be useful for the selection of material for use as an 
intravascular device. The authors stated that though 
polymer stents have major potential advantages over 
metallic stents and can be configured in an appropriate 
design for intracoronary delivery, significant 
biomaterial problems, such as neointimal proliferation, 
need to be addressed before clinical tests can begin. 

Van der Giessen and co-workers 73 74 studied a self- 
expanding braided mesh stent also made of PET for 
percutaneous coronary artery implantation. The 
mechanical features of the polvmer stent were 




Figure 2 Photograph of a self-expanding biostable 
polyethylene terephthalate stent. The stent was mounted 
w.thm a delivery sheath (top). After the delivery catheter 
was removed, the expanded meshwork stent (bottom) was 
in place . (Reproduced with permission of the Publisher ) 
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investigated by in vitro measurements and the in vivo 
imaging of the stent was assessed by autopsy analyses, 
angiography and intravascular ultrasound examination 
after the implantation of the stents in the arteries of 
pigs. Heparin was administered only during the 
implantation procedure. It was shown that the radial 
pressure delivered by this device was similar to a self- 
expanding, stainless steel stent. However, hysteresis- 
like behaviour was noticed and attributed partly to the 
braided construction and partly to a feature of the 
polymer material itself. This behaviour would result in 
initial loss of the radial pressure and a slower build-up 
of the pressure. It could consequently lead to a softer 
setting of the stent against the vessel wall, reducing 
acute vessel wall damage and neointimal proliferation 
and restenosis. On the other hand, because of its 
hysteresis-like behaviour, the polymer stent should be 
mounted on the delivery system just before the 
placement procedure, with an unconstrained diameter 
60% larger than that of the target vessel. In vivo 
assessment revealed that after 4 wk implantation, one 
of the stents was occluded and two other stents were 
located incorrectly due to failure of the delivery 
system. Five of six correctly implanted stents were 
patent. 

Biodegradable polymer stents 

Biodegradable polymer stents have the potential to 
remain in situ for a predicted period of time keeping 
the vessel wall patent and then degrading to non-toxic 
substances. Therefore, after completion of their 
functions and resorption of the stents, the vessel wall 
can preserve its normal function and surgical 
procedures to remove the stent are avoided. The 
degradation rate of the stent can be controlled by the 
degree of polymerization and processing methods' 17 * 75 . 
The change in mechanical properties of the stent over 
time would be affected by the degradation. The release 
profiles of drugs from a biodegradable stent can also be 
adjusted by the degradation behaviour 75 . 

Agrawal and co-workers 31,78 reported a 
bioabsorbable intravascular stent made of poly(L-lactic 
acid) (PLLA). The mechanical properties of the stent 
were tested as a function of thermal treatment 
methods, stent diameter and filament draw ratio. The 
stents were fabricated from monofilaments of PLLA by 
braiding eight monofilaments into an open tubular 
mesh using an over-under type of weave. The stents 
were then annealed at 140°C for 0.25 h with their ends 
fixed. Finally, at the free ends, adjacent monofilaments 
were welded together using a polymer solution. Tests 
of mechanical properties of the stents indicated that 
the maximum hydrostatic pressure that the PLLA stent 
can withstand decreases with increasing stent diameter 
and monofilament draw ratio. The collapse pressure of 
the stents with the 6:1 draw ratio monofilaments 
surpassed the target pressure of 300 mmHg by a wide 
margin 31 . The deformation characteristics of the 
polymeric stents at pressures lower than their collapse 
pressures showed that the effective elastic modulus 
decreased with increasing stent diameter and draw 
ratio. However, unlike metallic stents, the strength of a 
polymeric stent does not exhibit a linear relationship 
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Figure 3 Heat-labile expandable polycaprolactone stent 
which can be expanded at 60°C using a hot balloon 
catheter 78 . (Reproduced with permission of the Publisher.) 



with initial stent diameter 31 . The in vivo test was done 
by placing the stent in femoral arteries of dogs. It was 
indicated that this bioabsorbable stent was deploy able, 
became endothelialized, remained patent and did not 
induce a significant inflammatory and thrombotic 
occlusion 75 . Based on its mechanical properties and 
in vivo assessment, it was concluded that PLLA is a 
very strong candidate for use as a material for 
bioabsorbable polymeric stents 31, 76,77 . 

Another promising biodegradable polymer used for 
stents is polycaprolactone. Polycaprolactone was 
employed to make a heat-labile balloon-expandable 
plastic stent 78 . Since polycaprolactone is a thermo- 
elastomer which is soft from 52 to 70 = C, the stent can 
be shaped to suit the vessel wall, the bile ducts or 
bronchial tree by a hot balloon technique or other 
heating methods. For example, the balloon can be 
heated simply by means of a warm NaCl solution 
{Figure 3) t electric matter in the balloon itself or 
microwaves. The stent may even be heated directly to 
the necessary temperature leading to the expansion of 
the stent so that it can be embedded in the vessel wall 
to prevent migration and provide sufficient support to 
overcome the forces of vascular spasm. This stent may 
be used to reconstruct intraluminal vessels, the bile 
ducts and even the bronchi. 

Recently, a patent on multilayered biodegradable 
stents was claimed 79 . The stent is made of various 
polymers such as PLLA, polyglycolic acid, 
polycaprolactone, polyorthoesters or polyanhydrides. 
The unique feature of the device is that one layer 
addresses the structural requirements of the stent and 
additional layers control the release of different drugs 
such as heparin or angiopeptin at predictable rates. 
The different layers are laminated to one another by 
using heat or solvents. The laminated construction 
allows combination in a single stent of a plurality of 
different drug-containing materials. By appropriate 
configuration of the layers, drug release characteristics 
can be adjusted. Furthermore, different layers of the 
anatomy can be targeted for treatment using different 
drugs. For example, the layer associated with the 
exterior surface of the stent can control drugs such as 
angiopeptin, methotrexate and heparin to be released 
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into the vessel wall to discourage restenosis. The layer 
associated only with the interior surface of the stent 
would cause drugs like prostacyclin to be released into 
the lumen to prevent coagulation. In such a case, the 
structural layer will be laminated between these two 
drug-containing layers. The device can be fabricated 
with proper mechanical properties (strength and 
flexibility). The major concern with this type of stent 
may be that it is difficult to deploy and fix within the 
vessel wall. 

In order to assess the intraarterial compatibility of 
some biodegradable polymers including polyglycolic/ 
poly lactic acid, polycaprolactone and polyhydroxy 
butyrate valerate, the polymer films were cast 
longitudinally over 90° of the circumferential surface 
of coil wire stents which were then implanted in 
porcine coronary arteries 80 . The vessel wall adjacent to 
the polymer was compared with that in contact with 
uncoated stent wire. Histopathology after 30 d post- 
implantation revealed that in contrast to the control, 
polymer strips resulted in extensive fibromuscular 
proliferation, mononuclear and eosinophilic cell 
infiltration, multinucleated giant cell formation and 
medial necrosis leading to eccentric stenoses. There is 
a need to combine polymer stents with drug delivery 
systems to improve tissue response. 

Biodegradable copolymer stents carrying drugs 
and ligand-regulating cell functions 

As mentioned above, polymer stents have the potential 
to act as drug delivery systems. Polymeric materials, 
especially biodegradable polymers, have been widely 
utilized for controlled release of drugs. Therefore, it is 
possible to design a biodegradable polymer stent not 
only offering a physical barrier to the vessel wall, but 
also presenting a pharmacological approach in the 
prevention of thrombosis and intimal proliferation. 

Although polycaprolactone is promising for stent 
applications, it would be difficult to covalently 
immobilize peptide or drugs inhibiting foreign-body 
response because no functional groups exist on 
polycaprolactone. To achieve functional group 
addition, a novel biodegradable copolymer could be 
synthesized by copolymerization of a monomer 
containing protected functional groups (i.e. cyclic 
dimer of lactic acid and protected lysine) with 
caprolactone 81 . Biologically active compounds such as 
RGD peptide, a cyclic integrin antagonist peptide, can 
be chemically attached onto pendant amino groups 

Immobilized p«ptld«/drug» 




Blood flow 



Figure 4 Schematic of a bioabsorbable copolymer stent 
carrying drugs and peptide-regulating cell functions. 
(P, peptide; D, drugs.) 



from lysine units of a copolymer without significant 
reduction of biological activity 82,83 . Localized delivery 
of the peptide can reduce neointimal hyperplasia 84 . In 
addition, anticoagulant molecules (such as heparin) 
will be bound to the stent through the functional 
groups of the material 85 . The peptide and drug could 
be delivered with the preprogrammed degradation of 
the stent to maintain high local drug concentration for 
a desired period of time. It is expected that a stent 
made of this material may be implanted to maintain 
position using the same technique as the 
polycaprolactone stent reported by Beck 78 . The stent 
contains drugs and cell function regulating ligands that 
prevent thrombosis and intimal hyperplasia. Figure 4 
shows the hypothesis of this device. 



LIMITATIONS OF POLYMER STENTING 

One concern with polymeric coatings is that the coating 
surfaces may be damaged by the balloon catheter 
during deployment. Questions still remain about the 
effects of stents on endothelialization and long-term 
patency even though a polymer coating can reduce the 
thrombogenicity of metallic stents 30 . 

The strength of polymers is intrinsically lower than 
that of metals or alloys, which means that stents made 
of polymers must have greater bulk to approximate the 
mechanical performance required for a metallic stent 50 . 
For biodegradable stents, it is possible that by the time 
the stent disappears from the treated site, the atrophic 
changes that invariably occur when the musculoelastic 
elements of the arterial wall are not used may lead to 
aneurysmal dilatation 30 . The bulk limitation of polymer 
stents may be increased in small vessels, while the risk 
of aneurysmal formation and rupture would be of 
concern in large vessels. The compromise can be found 
in polymer-coated metallic stents where the metal 
provides optimal mechanical strength while the 
polymer improves its surface properties. 

Lack of radio-opacity is another limitation in the 
clinical application of polymer stents. It is difficult to 
deploy the stent easily and precisely without 
fluoroscopic visualization. By using intravascular 
ultrasound technique, the problem may be solved 74 . 



IDEAL STENTS 

Experience with various stents leads to the required 
attributes of an ideal stent. While the ideal stent does 
not exist and all of the presently investigated stents 
have advantages and disadvantages, the essential 
properties of such a design are listed in Table 3\ this 
helps to understand the relative merits of the devices 
and the improvements needed in each. First, as a 
cardiovascular implant, the stent should be 
biocompatible, especially blood compatible, i.e. should 
not elicit a foreign-body reaction within a human 
vessel wall. This is dependent on the stent's 
composition and surface characteristics of the stent 
(e.g. surface chemistry, surface energy and texture, 
etc.). Next, the biomechanical behaviour and design of 
the stent also have important effects on the host's 
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Table 3 Characteristics of an ideal stent 



Aspects 



Properties 



Refs. 



Biocompatibility Non-thrombogenicity, 17, 19, 54 

endothelialization, no intimal 
proliferation and biologically inert 

Mechanical Adequate elasticity and reliable - 17, 19, 54 

properties expandability, proper radial 

strength and expansion ratio, 
flexible and trackable enough to 
be deployed 

Safety Thin enough not to disrupt the 17, 54 

smooth intimal lining; calibre 
maintained for long-term patency 

Compatible Radio-opacity, deployable on a 17, 19 
deployment very low profile catheter system; 
deliverable with minor 
adaptations of present PTCA* 
techniques; precise delivery to 
the target site 

*PTCA = percutaneous transluminal coronary angioplasty. 

response. For example, the inflexibility of stents may 
induce arterial kinking at transition zones resulting in 
abrupt closure. An unsuitable stent/artery size ratio 
and the expandable force of the stent against the vessel 
wall seems to stimulate excessive intimal proliferation 
and thus result in late restenosis 17 . Finally, the ideal 
stent must be easily and precisely positioned through 
the curves of the guiding catheter and tortuous artery 
to the target site. Then it can be expanded to a 
diameter suitable for the size of the artery to offer a 
stable support against the vessel wall without risk of 
migration. This will depend on the mechanical 
properties (e.g. flexibility and elasticity), stent design 
and radio-opacity, etc. 

POLYMER PAVING 

Polymeric endoluminal paving was developed by 
Slepian and co-workers 90 as an alternative to 
intracoronary stenting. Biodegradable polymer layers 
were applied to the vessel wall via a catheter technique 
and in situ photo- thermal paving. The thin endoluminal 
polymeric film can conform to the shape of the vessel 
wall on a cellular length scale 89 . This technique 
rendered damaged vessel surfaces essentially non- 
thrombogenic and provided a diffusional barrier to 
mitogenic factors derived from the plasma, which 
would prevent thrombosis and restenosis. The polymer 
layer can be prepared, with adequate structural 
stiffness, incorporating drugs to result in a device 
possessing the capability of providing a physical 
support to keep the vessel wall patent while preventing 
thrombosis and restenosis. More research is needed on 
the mechanism of delivery of polymer to the target site, 
the method of curing of the polymer without causing 
vessel damage and the occlusion of side branches 50 . 



CONCLUSIONS 

intracoronary stenting provides a new interventional 
technique to prevent late restenosis and closure 



following balloon angioplasty. However, high rates of 
thrombosis restrict stent applications. The problem 
might be solved by further improvements in 
materials from which the stent is constructed and in 
its design, which will require joint efforts by 
interventional cardiologists, pathologists, 

biochemists, material scientists and engineers. 
Clearly, the material of the stent influences the 
mechanical properties and also the risk of 
thrombosis and intimal hyperplasia. 

Polymeric stenting provides a possibility for 
combining physical treatment with pharmaceutical 
therapy perhaps leading to new generation of stents. 
The general principle of all intravascular stents is to 
oppose the elastic recoil of vascular stenoses and 
provide internal support. Therefore, the mechanical 
and viscoelastic properties of stents must be tested at 
first, especially for polymer stents which are 
intrinsically weaker than metallic stents. Drugs or 
peptide contained within polymers can be in a non- 
chemically bonded configuration or chemically 
bonded to the polymer side chains. It is expected that 
chemical incorporation of drugs or peptide may 
further enhance the extended release compared with 
physical entrapment. In particular, biodegradable 
polymers can be used for controlled drug delivery. If 
the problems of thrombosis and restenosis could be 
overcome by polymeric stenting, this new method 
would gain more attention. 

Initial experiences with polymer stents in different 
animal models have given variable results. The results 
with PET stents reported by van der Giessen et al 73 . are 
considerably better than those reported by Murphy 
et al 72 . Two factors were considered for the 
difference 73 : (a) the PET stents deployed by van der 
Giessen et al have a larger unconstrained diameter 
(5.3 mm) compared with the stents designed by Murphy 
et al. with a diameter of 3 mm, which may have resulted 
in the 100% occlusion rate due to thrombosis; (b) the 
compositions of PET were not identical. 

Severe tissue responses were identified with some 
biodegradable polymers in a porcine model 80 , in 
contrast to indications of good blood compatibility 
obtained for biodegradable polymers such as PLLA 7 . 
More trials and development of materials and 
techniques are necessary to bring new devices to 
clinical study and to confirm whether polymeric stents 
are of passing interest only. 

Polymer-coated metallic stents may be the first used 
in widespread clinical trials. These stents have radio- 
opacity and good radial strength. The polymer coating 
will allow modification of the stent surface and 
incorporation with drugs to reduce thrombosis and 
intimal hyperplasia. 

Intravascular ultrasound has the potential for 
development of delivery systems that allow accurate 
delivery of polymer stents without the need for 
fluoroscopic visibility. In the future development of 
polymeric stents, biodegradable stents may be 
designed so as to incorporate time-release 
antiproliferative substances such as bioengineered 
growth factor inhibitors or to covalently immobilize 
cell function regulating peptides, to yield improved 
stent applications. 
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